AD-A0?0  3^8 


TEMPERATURE  COMPENSATED  PIEZOELECTRIC  MATERIALS 
G,  R.  Barsch,  et  al 
Pennsylvania  State  University 


Prepared  fo*: 

Air  Force  Cambridge  Research  Laboratories 


15  July  1975 


DISTRIBUTED  BY: 


National  Technical  Information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 


ADA020358 


043220 


V 


AFClL-TR-75-0609 


TEMPERATURE  COMPENSATED  PIEZOELECTRIC  MATERIALS 

G.  R.  Barsch 
K.  E.  Spear 


MATERIALS  RESEARCH  LABORATORY 
The  Pennsylvania  State  University 
'Jniverslty  Park^  Pennsylvania  16802 


Semi-Annual  Technical  Report  No.  1 
15  July  1975 


Approved  for  public  release;  distribution  unlimited 


Sponsored  by 

Defense  Advanced  Research  Projects  Agency 
ARPA  Order  No.  2826 


Monitored  by 

AIR  FORCE  CAMBRIDGE  RT^EARCH  LABORATORIES 
AIR  FORCE  SYSIEMS  COMMAND 
UNITED  STATES  AIR  lORCE 
HANSCOM  AFB,  MASSACHUSETTS  01731 


CeptnMJced  b/ 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 


US  Dspafir>ent  f C n»>*nerc» 
Springfield,  VA  721SI 


Contract  Nuaber 

F19628-75-C-0085 


Principal  Investigators  and 
Telephone  Numbers 


G.  R.  Barsch.  (814)  865-1657 


K.  E.  3pear.  (814)  865-1198 


AFCRL  Project  Scientists  and 
Telephone  Numbers 


P.  H.  Carr.  (617)  861-2527 


A.  F.  Armlngton,  (617)  861-2908 


Contract  Expiration  Date 
March  31,  1977 


Qualified  requestors  may  obtain  additional  copies  from 
the  Defense  Documentation  Center.  All  others  should 
apply  to  the  National  Technical  Information  Service. 


security  classification  of  this  pace  (Wr<an  D«i«  Enffrf; 

I REPORT  DOCUMENTATION  PAGE 


1.  REPORT  NUMUER  uuvi 

AFCRL-TR-?5-0609  


4.  TITLE  (and  Subtllla) 


l2,  GOVT  ACCESSION  NO. 


TEMPERATURE  COMPENSATED  PIEZOELEC- 
TRIC MATERIALS 


7.  AUTHORf*; 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


J RECIPIENT’S  catalog  NUMBER 


S.  TYPE  OF  REPORT  4 PERIOD  COVERED 

Scientific  - Interim 

1 January  75-30  June  75 


6.  PERFORMING  ORG.  REPORT  NUMBER 

Semi  Annu  Tech  Rpt  No.  I 


B CONTRACT  OR  grant  NUMBERfO 


F19628-75-C-0085 


10  PROGRAM  element,  PROJrCT.  TASK 
AREA  A WORK  UNIT  NUMBERS 


G.R.  Barsch 
K.E.  Spear 


9.  PERFORMING  organization  NAME  AND  ADDRESS 

The  Pennsylvania  State  University' 

207  Old  Main 

University  Park,  Centre  County,  PA  18802 


II.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Air  Force  Cambridge  Research  Laboratories 
Hanscom  AFB,  Massachusetts  01731 

lA^I^O^Nly^'^NG^G^R^N^AVlPf  'S-  SECURITY  CLASS.  (ol  IM.  ,.po„) 

Unclassified 

"isS  DECL  ASSIFIC  ATION  DOWNGRADING 
SCHEDULE 


2826-n/a-n/a 


12  report  date 

15  July  75 


U.  NUMBER  OF  PAGES 


1 


16  .distribution  ST  ATCMEN  T foMM* 


Approved  for  public  release;  distribution  unlimited 


17.  DIS1  RIBUTION  statement  (oI  tha  mbatract  aniarad  In  Block  20,  II  dIHarant  from  Rapotl) 


IB.  supplementary  notes 

This  research  was  sponsored  by  the  Defense  Advanced  Research  Projects 
Agency.  AP.PA  Order  No.  2826 

19.  KEY  WORDS  (Conllnua  on  ravaraa  alda  II  nacaaaary  and  Idanllly  by  block  numbar) 

Crystal  growth;  Elastic  Constants;  Thermoelastic  Constants;  Temperature 
Compensated  Materials;  Barium  Germanium  Titanate;  Barium  Silicon  Titanate; 
Lead  Potassium  Nlobate;  Eucryptlte;  Berlinite. 


20.  abstract  (Conllnua  on  ravaraa  alda  II  nacaaaary  and  Idanllly  by  block  numbar) 

In  order  to  search  for  new  temperature  compensated  materials  for  surface 
acoustic  wave  (SAW)  devices  with  low  ultrasonic  attenuation  and  high  electro- 
mechanical coupling,  the  foibwing  experimental  investigations  were  carried 


(1)  Crystal  growth  experiments  were  performed  on  Ba^Ge.TiOg,  Ba2Si2TiOg 
and  Pb2kNbj0.c.  Single  crystals  of  Ba2Ge2TiOg  and  of  Pb2Ob^0^^  of  sufficient 
size  and  quality  for  property  measurer ent  were  obtained. 


DD  , 1473  EDITION  OF  I NOV  65  IS  OBSOLETE 


Unclassified 

SECURITY  CLASSIFIC ATIO'I  OF  THIS  PAGE  Data  Enlarad) 


Unclassified 


SECURITY  CLASSIFICATION  OF  THIS  PACEflVh»n  Dmim  Enfnd) 


(2)  For  Qf-berl  inite,  ALPO4,  measurement  of  the  single  crystal  elastic  con- 
stants, their  temperature  dependence,  and  the  temperature  dependence  of  the 
thermal  expansion  coefficient  was  completed,  and  estimates  of  the  piezoelectric 
constants  were  obtained.  The  results  indicate  that  temperature  compensated  cuts 
for  bulk  waves  should  exist  with  orientations  similar  to  those  for  the  AT  and 

BT  cuts  in  a-quartz,  and  that  the  corresponding  electromechanical  coupling  fac- 
tors should  be  up  to  250  percent  larger  than  for  Of-quartz. 

(3)  For  >?-eucrypt i te , LiAISi04,  the  single  crystal  elastic  constants  were 
measured  as  a function  of  temperature  and  pressure.  The  temperature  and  pressur 
coefficients  of  all  elastic  constants  are  negative.  No  temperature  compensated 
cuts  for  bulk  waves  were  found,  and  the  electromechanical  coupling  is  expected 
to  be  small.  The  temperature  coefficient  of  time  delay  for  bulk  waves  was  small 
due  to  the  negative  coefficient  of  thermal  expansion. 


Unclass  1 f led 


SECURIIV  CLASSIFICATION  OF  THIS  PACEriThen  Del»  Enlerrd) 


I 

I 

i 

I 

I (lii) 

j TEMPERATURE  COMPENSTAED  PIEZOELECTRIC  MATERIALS 

^ Page 


Technical  Summary  iv 

Acknowledgments  viii 

1.  Technical  Problem  1 

2.  Methodological  Approach  1 

2.1  Crystal  Growth  1 

2.2  Measurement  of  Elastic,  Thermoelastic, 

Piezoelectric  and  Dielectric  Properties 2 

3.  Technical  Results  3 

3.1  Crystal  Growth  3 

3.1.1  Barium  Gcmianlum  Titanate 3 

3.1.2  Barium  Silicon  Titanate  (Fresnoite)  ....  5 

3.1.3  Lead  Potassium  Niobate  6 

3.1.4  6-Eucryptite  7 

3.2  Elastic,  Thermoelastic  and  Piezoelectric 

Properties  7 

3.2.1  a-Berlinite  7 

3.2.2  3-Eucryptite 18 

3.3  References 24 


Technical  Summary 

(1)  Technical  Problem 

the  past  few  years  surface  acousCic  wave  (SAW)  devices  have  been 
developed  and  applied  to  perform  a variety  of  signal  processing  functions, 
including  (but  not  restricted  to)  correlation,  pulse  compression  and 
matched  filtering.  Applications  of  SAW  devices  include  communications 
and  Radar  systems,  such  as  multichannel  communications,  secure  anti-jam 
coiuiDunics t ions , mininturo  nvionics  nnd  Glcctronitignetic  countor  mensureS' 
fhe  performance  of  SAW  devices  is  based  on  the  generation  and  propa- 
gation of  Raleigh-type  surface  waves  on  a substrate  consisting  of  a piezo- 
electric material.  The  substrate  material  most  widely  used  at  present  is 
a-quartz  because  in  a-quartz  temperature  compensated  cuts  exist  which  result 
in  performance  characteristics  independent  of  temperature,  and  which  are 
essential  for  applications  in  which  transmitter  and  receiver  operate  at 
different  teraoeratures . However,  the  relatively  low  electromechanical 
coupling  factor  of  ot— quartz  limits  the  operating  frequency  and/or  bandwidth 
of  SAW  devices  and  constitutes  a serious  disadvantage. 

The  objective  of  the  work  under  this  contract  is  to  search  for  new 
temperature  compensated  piezoelectric  materials  for  use  in  SAW  devices  with 
properties  superior  to  those  of  g-guartz,  that  is  with  larger  electromechanical 
coupling,  and  with  ultrasonic  attenuation  smaller  than,  or  comparable  to 
that  of  a-quartz. 

(2)  Methodological  Approach 

Exploratory  and  systematic  crystal  growth  experiments  have  been  started 
in  order  to  obtain  single  crystal  specimens  of  a group  of  potentially  useful 
materials  that  have  been  selected  earlier  under  AFCRL  Contract  F 19628-73- 
C-108  on  the  basis  of  theoretical  considerations.  The  single  crystal  specimens 


w 
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are  intended  for  the  measurement  of  the  pertinent  physical  properties, 
also  to  be  performed  under  the  present  contract,  especially  of  the  elastic, 
thermoelastic,  piezoelectric  and  dielectric  properties,  in  order  to  determine 
suitability  of  these  materials  and  their  superiority  to  a-quartz  for  SAW 
devices . 

(3)  Technical  Results 

During  the  first  six  months  of  the  present  contract,  research  on  the 
following  topics  was  performed: 

A.  Crystal  Growth:  The  crystal  growth  effort  centered  on  Ba2Ge2TiOg, 

Ba„Si_TiO„,  and  Pb„KNb_0,^.  Both  Bridgman  and  Czochralski  crystal  growth 
2 2 o 2 j 13 

experiments  were  performed,  and  large  good  quality  crystals  of  Ba^Ge^TiOg 
were  obtained  from  the  latter  pulling  experiments.  The  quality  of  these 
crystals  is  hampered  by  a core  in  the  boules.  Ba2Si2TiOg  was  synthesized  in 
polycrystalline  form,  and  initial  growth  experiments  were  carried  out. 
Attempts  to  grow  Pb2KNb^0^^  contln-ed,  but  cracking  has  remained  a problem. 
The  cracking  problems  in  Pb2KNb^0^^  were  examined  as  a function  of  the 
variables:  liquid  composition,  cooling  rates  of  grown  crystals,  size  of 

crystals,  and  the  design  of  the  heat  shields  above  the  crucible.  No  major 
solution  to  this  cracking  problem  was  found,  but  a few  fairly  large  crack 
free  pieces  have  been  obtained  from  some  of  the  boules.  Crystal  growth  of 
6-LiAlSiO,  by  flux  methods  was  successful  in  that  crystals  of  suitable  size 
and  quality  for  property  measurements  were  obtained. 

B.  Measurement  of  Elastic,  Thermoelastic,  Piezoelectric  and  Dielectric 

Properties:  The  data  analysis  of  previously  starter,  measurements  of  the 

elastic,  thermoelastic  and  piezoelectric  constants  of  AlPO^,  berlinlte,  was 
completed.  Temperature  compensated  cuts  on  this  material  for  bulk  waves  with 
orientations  similar  to  those  of  AT  and  BT  cuts  in  a-quartz  are  predicted  and 
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show  up  to  250  percent  larger  electromechanical  coupling  than  quaitz.  The 
five  independent  single  crystal  elastic  constants  of  B-LiAlSiO^,  B-eucryptite, 
were  measured  as  a function  of  temperature  and  pressure.  The  temperature 
and  pressure  coefficients  of  all  elastic  constants  are  negative.  In  spite  of 
the  negative  thermal  expansion  coefficient  parallel  to  the  hexagonal  axis 
no  temperature  compensated  cuts  exist,  and  on  the  basis  of  the  mear.'jred 
piezoelectric  stiffening  contribution  the  electromechanical  coupling  is 
expected  to  be  small.  Therefore,  B-eucryptite  does  not  appear  to  be  a 
suitable  substitute  for  a-quartz. 

(4)  DoD  Implications 

The  electromechanical  coupling  factor  of  a-berllnite  has  been  found  to 
be  up  to  250  percent  larger  than  for  a-quartz  for  bulk  waves,  and  one  may 
expect  a significant  improvement  of  the  electiumechanical  coupling  factor  for 
surface  acoustic  waves  as  well.  Thus  by  replacing  quartz  as  a substrate 
material  in  surface  acoustic  wave  (SAW)  devices  by  berlinite  insertion  losses 
can  be  reduced  and  the  operating  frequency  and/or  bandwidth  can  be  increased. 

In  this  manner  the  efficiency,  reliability  and  capability  of  military 
communications  and  Radar  systems  utilizing  SAW  signal  processing  devices  can 
be  improved. 

(5)  Implications  and  Further  Research 

By  demonstrating  the  superiority  of  a-berlinite  over  a-quartz  for  electro- 
mechanical device  applications  it  has  been  shown  that  the  search  for  new 
temperature  compensated  materials  with  properties  superior  to  those  of  a-quartz 
through  the  approach  used  under  the  present  contract  is  meaningful.  One  may 
therefore  hope  that  a continued  systematic  search  for  new  temperature  compen- 
sated materials  under  the  present  contract  may,  even  with  the  modest  funding 
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level,  eventually  lead  to  the  discovery  of  additional,  perhaps  even  more 
suitable,  materials. 

(6)  Specific  Comments 

No  specific  comments  are  offered  at  this  time. 
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1.  Technical  Problem 


The  objective  of  the  research  of  this  contract  is  to  fino  temperature 
compensated  materials  for  use  in  surface  acoustic  wave  (SAW)  signal  processing 
devices,  i.e.  materials  with  large  electromechanical  coupling,  Jow  ultrasonic 
attenuation  and  a vanishingly  small  temperature  coefficient  of  the  delay  time. 
The  electromechanical  coupling  factor  should  be  substantially  larger  than 
for  a-quartz,  which  is  presently  used  in  temperature  compensated  SAW  devices. 

2.  Methodological  Approach 

The  research  consists  of:  (A)  both  exploratory  and  systematic  crystal 

growth  studies  on  a variety  of  materials  which  are  expected  to  be  temperature 
compensated  for  bulk  waves  and  which  have  been  selected  earlier  under  AFCRL 
Contract  F19628-73-C-108  on  the  basis  of  certain  heuristic  criteria,  and  (B) 
measurements  of  the  single  crystal  elastic  and  thermoelastic  properties  of 
the  above  grown  crystals  to  determine  whether  they  possess  temperature 
compensated  crystallographic  directions  for  bulk  waves,  and  measurements  of 
piezoelectric  and  dielectric  constants  and  their  corresponding  temperature 
coefficients  to  check  the  suitability  of  these  materials  for  surface  w;^ve 
device  applications. 


2.1 

Crystal  Growth 

The 

crystal  growth  research 

is  being  performed 

on  1 

materials  grouping 

selected 

from  the  following 

list 

: 

(1) 

Ba^Si^TiOg 

(4) 

Bi„MoO 
2 t) 

(6) 

Bi.,SiO^ 

Ba2Ge2*l 

BI2WO6 

Bi2GeO^ 

Ba2(Si,Ge)2TiOg 

Bl,,(Mo,W)0, 
2 b 

Bi2(8i,Ge)0^ 

(2) 

6-LiAlSiO, 

(5) 

Li2Si0g 

(7) 

Bi2PbNb2t)g 

(3) 

Pb2KNb30^5 

Na2S10g 

(8) 

NaAlSiO, 

(Li,Na)2Si0g 

KAlSiO^ 

(Na,K)AlSiO, 
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Our  approach  is  to  use  crystal  pulling  (Czochralski)  and  directional 
solidification  (Bridgman)  techniques  for  the  growth  of  these  materials  when- 
ever possible.  These  techniques  usually  yield  the  largest  crystals  with  the 
least  effort,  but  the  compounds  must  melt  congruently  and  must  have  reasonably 
low  vapor  pressures  at  the  melting  temperature.  High  temperature  solution 
growth,  i.e.  flux  techniques  will  be  used  on  materials  that  do  not  .aeet  the 
above  requirements,  and  materials  that  readily  solidify  into  glasses  upon 
cooling  their  melts.  A flux-pulling  method  will  be  tried  first  for  these 
solution  grown  crystals. 

We  are  attempting  to  first  prepare  the  crystals  that  appear  to  be  the 
easiest  to  grow  so  that  samples  will  be  available  for  property  measurements. 

The  order  of  the  above  material  groupings  is  the  approximate  order  in  which 
the  materials  are  being  studied. 

2.2  Measurem'~nt  of  Elastic,  Thermoe^astic,  Piezoelectric  and  Dielectric 
Properties 

Since  the  main  purpose  of  the  proposed  work  is  to  find  new  temperature 
compensated  materials,  the  most  important  properties  to  be  measured  are  the 
temperature  coefficients  of  all  single  crystal  elastic  constants.  We  do  this 
by  means  of  ultrasonic  velocity  measurements  as  a function  of  temperature. 

For  the  evaluation  of  the  temperature  coefficients  of  the  elastic  constants 
from  these  data,  the  thermal  expansion  coefficients  are  also  determined.  They 
are  also  required  for  the  calculation  of  the  temperature  coefficients  of  the 
bulk  and  surface  mode  delay  times.  If  some  of  the  effective  elastic  moduli 
which  determine  the  ultrasonic  velocitler  .-.how  positive  temperature  coefficients, 
a more  complete  assessment  of  the  suitability  of  a given  material  for  ultrasonic 
surface  wave  signal  processing  devices  also  requires  the  measurement  of  the 
piezoelectric  and  dielectric  constants  and  their  temperature  coefficients. 

These  measurements  will  be  done  either  by  the  x-ray  method  or  by  the  resonance 
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technique  for  the  piezoelectric  properties,  and  by  means  of  the  admittance 
bridge  technique  for  the  dielectric  properties. 

3.  Technical  Results 

3.1  Ciystal  Growth 

3.1.1  Barium  Germanium  Titanate;  Our  major  crystal  growth  effort  has 
centered  on  barium  germanium  titanate,  Ba2Ge2Ti0g.  Both  Bridgman  and 
Czochralski  growth  experiments  have  been  carried  out,  but  good  crv<stals  were 
obtained  only  in  the  latter  pulling  experiments. 

Bridgman  experiments  were  performed  in  attempts  to  ciplicate  the  success- 
ful growth  of  Ba2Ge2TiOg  reported  by  Kimura  et  al.  (1),  but  all  the  boules 
obtained  were  cracked  and  milky  in  color.  In  attempting  to  remedy  the  poor 
quality  of  material  obtained,  better  temperature  control  equipment  was  used, 
four  different  crucible  lowering  rates  in  the  range  of  0.5  to  3 mm/hr  were 
tried,  and  temperature  gradients  near  the  freezing  point  goth  breater  and 
smaller  and  greater  than  30° /inch  were  used.  However,  none  of  these  changes 
resulted  in  crystal  boules  of  even  half  decent  quality.  The  reasons  for  these 
poor  Bridgman  results  are  not  clear,  and  further  attempts  will  not  be  pursued. 

Czochralski  crystal  pulling  experiments  utilizing  an  rf-powered  A.D.  Little 
model  M.P.  crystal  puller  produced  good  quality  single  crystal  boules  except 
for  a central  core  region  which  was  vieled.  In  six  of  the  seven  growth 
experiments,  the  crystal  was  nucleated  on  a Pt  or  Pt/10%  Rh  wire  0.030  to 
0.040  inches  in  diameter.  The  nature  of  the  necking  down  procedure  and  the 
shape  and  size  of  an  average  crystal  of  Ba2Ge2Ti0g  grown  in  these  studies  can 
be  seen  from  the  xeroxed  photograph  shown  in  Fig.  1.  A seed  crystal  was  used 
in  one  experiment,  but  the  quality  of  the  resulting  crystal  was  worse  than 
when  nucleation  on  the  metal  wire  occurred.  This  was  in  spite  of  the  fact 
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that  the  seed  crystal  was  oriented  in  the  '■oiue  direction  it  was  initially 
growl,  and  the  seed  was  partially  melted  before  the  new  crystal  was  grown. 

In  all  of  the  crystals  grown,  a cloudy  core  was  present  which  varied  in 
size  depending  on  the  paiLicular  growth  conditions.  A scan  with  the 
electron  microprobe  across  this  region  suggested  a slight  increase  in 
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Figure  1.  Typical  Ba2Ge2TiOg  Crystal  Boule 
Pulled  from  Its  Melt. 


No.  2-20  rpm  rotation 
No  crucible 
insulation 


No.  3-0  rpm  rotation 
cxucible 
insulated 


No.  4 - 


20  rpm  rotatioi 

crucible 

insulated 


Figure  2.  Schematic  Cross  Sections  of  Crystals  Grown  Under 
Various  Conditions  of  Crystal  Rotation  Rates  and 
Crucible  Insulation.  The  Size  and  Shape  of  the 
Cloudy  Core  Region  is  Indicated. 
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in  germanium  content,  but  these  results  are  very  tentative.  The  effects  of 
crucible  insulation  and  crystal  rotation  on  the  size  and  shape  of  the  central 
core  are  illustrated  in  Fig.  2,  which  shows  schematic  cross  sections  of 
crystal  boules. 

During  all  the  crystal  pulling  experiments  on  Ba^,Ge2Tj.0g,  a small  amount 
of  material  vaporized  from  the  cru.lble  and  condensed  in  an  amorphous  state 
on  the  water-cooled  chamber  walls.  A qualitative  spectroscopic  analysis  of 
this  material  indicated  the  deposit  was  almost  entirely  germanium  (probably 
Ge02),  with  minor  amounts  of  Pt  (0.02  - 2%)  and  traces  of  Ti  and  Ba  (<0.02%). 

At  present  we  are  analyzing  the  information  we  have  on  the  Ba2Ge2TiOg 
crystal  growth  and  are  preparing  for  experiments  on  Ba2Si2Ti0g.  We  have  large 
enough  quantities  of  good  quality  Ba2Ge2Ti0g  crystals  for  at  least  preliminary 
property  measurements,  and  perhaps  enough  for  ax’,  the  measurements. 

It  was  attempted  to  eliminate  the  central  core  imperfections  in  the  grown 
crystals.  We  reasoned  that  if  the  central  core  was  related  to  thermal  losses 
or  voltages  set  up  across  the  platinum  rod  on  vrhich  the  crystal  nucleates, 
then  shortening  and  insulating  this  rod  from  tb.e  rest  of  the  apparatus  would 
have  an  effect  on  the  core.  We  grew  a crystal  with  an  insulated  rod,  but 
noticed  no  effect  on  the  core. 

3.1.2  Barium  Silicon  Titanate  (Fresnoite):  Polycrystalline  starting 

material  of  barium  silicon  titanate  (fresnoite),  Ba2Si2TiOg,  was  synthesized 
by  1200®C  heating  of  pressed  pellets  of  the  proper  stoichiometric  amounts  of 
BaCOg,  Si02,  and  Ti02.  In  growth  experiments,  the  high  melting  point  (reported 
to  be  1360®C,  but  may  be  50-100°  higher)  has  caused  problems  in  attaining 
sufficiently  high  temperatures  in  the  center  of  an  insulated  platinum  crucible 
without  almost  melting  the  crucible.  Various  heat  shielding  arrangements 
around  the  crucible  were  tried,  as  were  various  reflectors  and  shields  above 
the  crucible.  Melting  was  attained  and  several  crystal  boules  were  obtained. 
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but  they  were  of  poor  quality  and  were  cracked  extensively.  Similar  cracking 
problems  were  observed  in  the  Ba2Ge2liOg  crystals  when  we  atteirpted  to  use 
shields  and  reflectors  above  the  crucible.  Erosion  of  the  platinum  crucible 
through  the  formation  of  platinum  oxides  is  relatively  large.  An  iridium 
crucible  is  being  considered  so  that  we  can  go  to  higher  temperatures  without 
the  top  shielding,  but  crucible  oxidation  can  be  a problem  in  air.  We  ran 
growth  experiments  in  argon  with  a platinum  crucible  to  see  if  the  titanium 
in  the  compound  would  be  reduced  to  a trlvalent  state.  Some  reduction  may 
be  occurring,  but  this  problem  does  not  look  severe. 

3.1.3  Lead  Potassium  Niobate;  Single  crystal  growth  experiments  on  lead 
potassium  niobate,  Pb2KNb^0.^,  that  were  started  under  a previous  contract  are 
continuing  with  the  use  of  the  rf-powered  A.  D.  Little  crystal  puller.  Although 
the  procedures  reported  by  Yamc Ja  (2)  have  been  followed,  the  resulting 
crystal  boules  have  cracked  in  many  places,  and  the  single  crystal  regions  are 
twinned.  Various  shielding  assemblies  and  cooling  procedures  have  been  tried 
without  success.  Several  compositions  either  rich  or  poor  in  each  of  the 
respective  components  were  prepared  and  studied  in  an  attempt  to  understand 
more  about  the  phase  equilibria  of  the  Pb0-K20-Nb20^  system,  and  thus  under- 
stand the  growth  of  the  Pb2KNb^0^^  from  molten  compositions  in  this  system. 

In  a recent  paper  by  Nakano  and  Yamada  (3)  it  is  stated  that  good  crystals 
were  obtained  from  melts  with  compositions  Pb^  2 _ I^'^S^IS’  Several 

runs  were  made  using  these  compositions,  but  the  results  were  the  same  as  with 
other  compositions  richer  in  lead  and  poorer  in  potassium.  Different  cooling 
rates  for  the  grown  crystals  were  tried,  but  had  little  effect.  Smaller 
diameter  crystals  were  grown  (6-8  mm),  but  cracking  persisted.  The  shielding 
above  the  crucible  was  varied,  and  in  a few  runs  removed,  but  the  effects  were 
small.  Several  fairly  large  crystal  pieces  have  been  obtained  from  the  cracked 
boules,  so  several  more  runs  will  be  made  to  see  if  enough  large  pieces  can  be 
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obtained  to  make  property  measurements  on.  Without  a thorough  phase  and 
crystallographic  study  of  this  material,  it  appears  that  the  cracking  problem 
will  not  be  conquered. 

3.1.4  3-Eucryptite;  The  crystal  growth  of  3-eucryptite,  3“LiAlSiO^,  also 

begun  on  a previous  contract  was  successfully  completed,  and  crystal  large 

enough  for  property  measurements  were  obtained.  Winkler's  method  (4)  of 

using  a lithium  cryolite  flux  was  followed,  and  yielded  single  crystals  with 

3 

linear  dimensions  up  to  10  mm  and  volumes  up  to  about  200  mm  . The  crystals 
obtained  are  transparent  '.nd  appear  to  be  of  good  quality  and  relatively  free 
of  inclusions. 

3.2  Elastic,  Thermoelastic  and  Piezoelectric  Properties 

3.2.1  g-Ber Unite;  Our  work  on  a-berlinite,  a-AlPO^,  begun  under  a 
previous  contract,  has  been  completed,  and  the  results  have  been  submitted 
for  publication  (5) . 

The  six  single  crystal  elastic  constants  of  a-berlinite  (crystal  class 
0^(32))  have  been  measured  by  means  of  the  ultrasonic  pulse  superposition 
method  between  80  and  293°K,  and  the  thermal  expansion  behavior  has  been 
determined  from  293  to  950°K  by  the  x-ray  powder  diffraction  method  through 
the  a-3  transition  at  about  857°K.  The  specimens  used  were  cut  from  a crystal 
which  had  been  grown  hydrothermally  at  the  Signal  Corps  Engineering  Labora- 
tories, Fort  Monmouth,  New  Jersey. 

The  thermal  expansion  data  indicate  an  abrupt  change  in  the  lattice 
parameters  at  about  584®C,  resulting  from  the  a-3  transformation,  and  are 
qualitatively  and  quantitatively  very  similar  to  those  for  quartz  (6).  In 
Table  I the  room  temperature  values  of  the  two  lattice  parameters,  of  the 
linear  thermal  expansion  coefficients  and  of  the  temperature  coefficients  of 
the  linear  thermal  expansion  coefficients  are  listed.  For  the  lattice  parameter 
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L 


a the  data  from  23°  to  397°C,  and  for  c the  data  from  23°  to  556°C  were 
included  in  the  least  squares  fit.  The  lattice  parameters  agree  very  well 

O O 

with  the  values  reported  before  for  berlinite  (7)  (a=4.942A  and  c=10.97A). 
The  linear  thermal  expansion  coefficients  perpendicular  and  parallel  to  the 
trigonal  axis  are  17  percent  and  34  percent  larger  than  for  a-quartz  (6,8) 
respectively. 

Table  I Lattice  parameters  (at  296°K) , linear 
thermal  expansion  coefficients,  and 
temperature  coefficients  of  the  linear 
thermal  expansion  coefficients  (at 
298°K)  for  berlinite 


! 

L 

a 

c 

L(A) 

4.943 

10.974 

j 

1 

1.59  ± 0.06 

0.97  ± 0.11 

^ (10‘®°k‘^) 

1.5  ± 0.6 

1.5  ± 0.8 

E E E E E 

As  for  a-quartz,  the  elastic  constants  fiecrease 
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with  increasing  temperature,  but  the  shear  modulus  c^^  and  the  modulus 
Increase  with  increasing  temperature.  The  transit  time  for  the  X-cut  shear 
mode,  polarized  parallel  to  the  Y-direction  shows  a minimum  at  about  -8°C.  On 
the  other  hand  Mason  (9)  reported  a maximum  for  the  resonance  frequency  of  the 
Y-cut  thickness  shear  mode,  polarized  parallel  to  the  X-directdon,  at  -40°C. 
This  result  is  in  contradiction  to  our  own  data,  which  show  that  the  directly 
measured  transit  time  for  this  mode  decreases  monotomically  with  increasing 
temperature.  It  is  suggested  that  the  discrepancy  arises  from  mode  coupling 
effects  in  the  resonance  type  experiments  of  Mason  (9). 


In  Table  II  the  room  temperature  values  of  the  elastic  constants  and 

their  temperature  derivatives  are  compared  with  the  corresponding  data  for 

a-quartz.  Also  Included  are  the  elastic  constants  of  AlPO^  obtained  by  Mason 

(9,10).  It  Is  apparent  that,  with  the  exception  of  the  present  data 

differ  significantly  from  those  of  Mason  (9,10).  With  the  exception  of  c^^, 

the  present  data  are  considerably  smaller  than  Mason's  results.  Although 

Mason's  data  were  obtained  L ; means  of  the  resonance  technique  the  large 

difference  cannot  be  attributed  to  the  different  experimental  methods  used. 

One  possible  explanation  Is  perhaps  that  the  sample  measured  by  Mason  was  not 

pure  stoichiometric  AlPO^.  On  the  other  hand,  the  present  results  are 

systematically  smaller  than  the  data  for  quartz,  with  the  differences  (referred 

to  quartz)  smaller  than  about  25  percent. 

Most  of  the  temperature  derivatives  of  the  elastic  constants  of  AlPO,  are 

4 

less  than  half  the  values  for  SIO2,  except  for  c^^,  which  is  only  33  percent 

smaller,  and  for  c^^^^  and  c^^  which  are  up  to  25  percent  larger. 

The  eigenvalues  of  the  ultrasonically  measured  Chrlstoffel  tensor  contain, 

E 

in  addition  to  the  elastic  constants  c^^,  piezoelectric  stiffening  terms, 
which  depend  on  the  piezoelectric  and  dielectric  constants.  Since  In  our 
investigations  twelve  Independent  modes  were  measured  as  a function  of 
temperature,  the  stiffening  terms  could  be  separated  from  the  six  Independent 
elastic  constants.  In  order  to  obtain  the  piezoelectric  constants  and  their 
dependence  on  temperature  from  the  piezoelectric  stiffening  terms  the  dielectric 
constants  and  their  temperature  dependence  must  be  known,  respectively. 

Approximate  room  temperature  values  of  the  piezoelectric  stress  constants 

S 

*^ly  obtained  by  using  a value  of  = 5.88,  calculated  from  the  value 

T 

of  the  dielectric  constant  for  constant  stress,  = 6.05  given  for  AlPO^ 

s s 

by  Mason  (9),  and  by  assuming 


The  results  are  llstri  in  Table  III 
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Table  II  Comparison  of  present  results  for  elastic  constants  (in  10  dynes/cra  ) 

Q 2 

and  their  temperature  derivatives  (in  10  dynes/cm  “K)  for  a-AlPO^  , 

with  the  corresponding  data  for  a-Si02  and  with  other  elastic  constant  J 

data  for  a-AlPO,  at  298“K. 

4 


11 

33 

44 

66 

12 

13 

14 

E 

%\> 

AlPO^  (present) 

0.858 

±.003 

0.284 

±.006 

AlPo/ 

4 

1.050 

1.335 

0.231 

0.379 

0.293 

0.693 

-0.127 

Si02^ 

0.869 

1.058 

0.582 

0.399 

0.0714 

0.120 

-0.181 

AlPO,  (present) 
4 

-0.485 

i.016 

-1.87 

±.03 

+0.292 

±.013 

■M 

■MiB 

-0.38 

±.01 

i 

Si02'' 

-0.385 

-1.693 

-1.021 

-0.748 

-1.92 

0.66 

-0.21 

Calculated  by  Bechmann,  ref erence  (10) , from  elastic  compliance  data  of  Mason,  reference  (7). 
^McSkimin,  ref erence  (9)  . 

Q 

Zelenka  and  Lee,  reference  (11)* 
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Table  III  Piezoelectric  stress  constants  e (in  C/m  ) 

iU  ' ' 


and  their  temperature  coefficients 


— / 

(in  10  C/m  “K)  for  a-AlPO^  and  a-Si02. 


The  sign  of  for  All'C^  was  chosen  so  as  to 


agree  with  that  for  dextrorotary  a-Si02- 


e,  a-AlPO,  (present  ) 

iU  4 ‘ 


(9e^9T)p  I a-AlPO^  (present^*  ) 


-0.58 


Calculated  from  = 5.88  (calculated  from  = 6.05;  Mason, 


S S 

reference  02)  on  the  basis  of  the  assumption 


Calculated  from  the  piezoelectric  strain  constants  and  from  the 


elastic  constants  of  Mason,  reference  (12), 


Bechmann,  reference  (13). 


Calculated  by  using  the  relative  temperature  coefficients 


s s 

(1/Cii) (9e^i/9T)p(i=l,3)  of  the  dielectric  constants  for  a-quartz 


from  reference  (10). 


Bechmann,  reference  (14). 
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and  are  seen  to  agree  within  about  ten  percent  with  the  values  calculated 
from  the  piezoelectric  strain  constants  given  by  Mason  (9).  The  constant 
®11  is  almost  two  times,  and  e^^^  almost  three  times  larger  than  the  corres- 
ponding values  for  a-Si02.  Considerably  smaller  values  of  the  piezoelectric 
stress  constants  were  given  by  other  authors  (15,16)  but  this  may  be  due  to 
the  presence  of  micro-twinning. 

Since  the  temperature  coefficients  of  the  dielectric  constants  of  berlinite 
are  not  known,  and  since  these  quantities  represenu  only  a small  correction 
in  the  calculation  of  the  temperature  coefficients  of  the  piezoelectric 
constants  from  the  piezoelectric  stiffening  terms,  the  values  for  a-quartz 

were  used.  They  are  (10) ; (1/e^j^)  (3e^^/ 81)^  = 0.  28  and  (1/e^^)  (3e^^/9T)  =0.39 

-4  -1  ^ 

(in  10  (“K)  ).  Temperature  coefficients  of  the  piezoelectric  constants 

obtained  in  this  manner  are  also  listed  in  Table  III  and  are  for  e^^  three  times, 

and  for  e^^^  26  percent  larger  than  for  a-Si02. 

The  round  trip  delay  time  of  an  ultrasonic  wave  travelling  through  a 
piezoelectric  crystal  plate  of  thickness  t and  in  the  direction  N is  given  by 


T = 2t/V  (1) 

where 

V = /c/p  (2) 


is  the  ultrasonic  velocity  as  determined  from  the  eigenvalues  c = c(N)  of 
the  Chrlstoffel  tensor,  with  the  piezoelectric  stiffening  terms  included. 

By  differentiation  of  equ.  (1)  the  temperature  coefficient  of  the  transit 
time  can  be  expressed  in  terms  of  the  volume  thermal  expansion  coefficient  a , 

V 

the  linear  thermal  expansion  coefficient  a = a(N)  and  the  effective 
elastic  constant  c through  the  expression 


T ^3T^p  2 “v  2C^^T^ 


(3) 
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For  small  electromechanical  coupling  factor  the  resonance  frequency  f of  the 
same  crystal  plate  is  given  by  the  reciptrocal  of  the  transit  time,  so  that 
(1/f) (9f/3T)  - - (1/t) (9t/3T) . For  large  electromechanical  coupling  factor 
the  resonance  frequency  of  an  uncoupled  mode  is  given  by  (17) 


f = (V/7Tt)X  (4) 

where  X is  the  solution  of 

tan  X = X/k^  (5) 


iind  where  k is  the  electromechanical  coupling  factor. 

In  order  to  Investigate  the  existence  of  temperature  compensated 
directions  in  AlPO^  the  round  trip  delay  time  T,  the  resonance  frequency  f 
and  the  temperature  coefficient  of  both  quantities  have  been  calculated  as 
a function  of  orientation  for  the  rotated  Y-cut  thickness-shear  mode,  assuming 
a plate  thickness  t = 1 mm.  In  a crystal  plate  with  infinite  lateral  dimen- 
sions this  mode  is  for  all  angles  of  rotation  around  the  X-axis  independent 
of  the  other  two  solutions  of  the  Christoffel  tensor.  The  effective  elastic 
constant  is  for  this  mode  given  by  (17) 


(6) 


The  electromechanical  coupling  factor  is  given  by  (17) 

, 2 

k = 


C G * 
66  22 


(7) 


The  elastic,  piezoelectric  and  dielectric  constants  for  the  rotated  crystal 
are  given  by 
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66  " 

2 . 

‘=66’* 

^44  y'  + 2c^^xy 

(8a). 

1 ^ 

26 

- X 

+ y)x 

(8b) 

. 1 — 

.S  2 

(8') 

22 

11 

33  ^ 

where  x * cos  4*  ^nd  y sin  4*»  ^nd  4*  denotes  the  rotation  angle  around  the 
X-axis  according  to  the  IRE  standards  (18). 

In  Figs.  3 and  4 the  results  for  the  delay  time  and  for  the  resonance 
frequency,  respectively,  are  shown  as  a function  of  rotation  angle.  The 
plots  in  Fig.  4 are  qualitatively  very  similar  to  the  corresponding  plots  for 
a-quartz  (19) . The  resonance  frequency  passes  through  a maximum  at  -60  , and 
a minimum  at  29®.  The  rotation  angles  for  the  corresponding  BC  and  AC  cuts 
in  a-quartz  are  -58®  and  31®,  respectively.  At  -44®  and  at  30®  the  temperature 
coefficient  of  the  resonance  frequency  passes  through  zero.  In  a-quartz  the 
orientations  for  the  corresponding  BT  and  AT  cuts  are  -51  and  35  , respectively. 
Comparison  with  Fig.  3 shows  that  the  angles  for  the  minimum  and  maximum  of 
the  delay  time,  corresponding  to  the  orientations  denoted  by  BC'  and  AC', 
differ  by  only  one  or  two  degrees  from  those  for  the  BC  and  AC  cuts  referring 
to  the  resonance  frequency.  The  same  is  true  for  the  orientation  of  the  AT 
and  AT  cuts.  However,  the  angles  for  the  BT'  and  BT  cuts  differ  by  about  7 . 

In  Fig.  5 the  calculated  orientation  dependence  of  the  electromechanical 
coupling  factor  is  shown.  The  values  of  the  coupling  factor  for  a-quartz 
corresponding  to  the  four  cuts  indicated  in  the  graph  are  0.040  (BC) , 0.054 
(BT),  0.098  (AC)  and  0.089  (AT).  From  Fig.  5 it  is  apparent  that  the 
corresponding  coupling  factors  for  a— berlinite  are  up  to  250  percent  larger 
than  for  a-quartz.  As  for  a-quartz,  other  temperature  compensated  directions 
exist  which  are  in  general  of  less  practical  use  because  of  mode  coupling 
and/or  smaller  electromechanical  coupling  factor.  For  example,  for  the 


Electromechanical  Coupling  Factor 


Z 


<I>  (degrees) 

Fig.  5 


Calculated  electromechanical  coupling  factor  k for 
rotated  Y-cut  crystal  versus  angle  of  rotation  <I). 
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X-cut  rotated  by  ±2.5®  around  the  Y-axis  the  temperature  coefficient  of 
the  delay  time  is  zero,  but  the  electromechanical  coupling  is  very  small. 

The  results  of  Figs.  4 and  5 suggest  that  a-berlinite  may  be  a more  suitable 
piezoelectric  material  for  use  in  bulk  wave  ultrasonic  devices  that  ot-cjuartz, 
as  the  larger  electromechanical  coupling  would  lead  to  lower  insertion  losses, 
higher  frequency  limit,  and  larger  bandwidth.  For  the  substantiation  of  this 
conclusion  a more  accurate  determination  of  the  piezoelectric  constants  and 
the  direct  measurement  of  their  temperature  dependence  and  of  the  dielectric 
constants  and  their  temperature  dependence  are  required. 

3.2.2  8-Eucryptlte;  The  five  single  crystal  elastic  constants  of 
6-eucryptite,  6-LiAlSiO^  (crystal  class  D^(622)),  their  temperature  coef- 
ficients and  their  pressure  coefficients  have  been  measured  by  means  of  the 
ultrasonic  pulse  superposition  method.  The  results  are  listed  in  Table  IV 
and  show  that  all  pressure  and  temperature  coefficients  are  negative. 

By  making  measurements  for  8 independent  modes  it  was  also  possible  to 
obtain  the  piezoelectric  stiffening  contribution  to  the  effective  elastic 
constants,  as  well  as  the  temperature  and  pressure  derivatives  of  this  quantity. 
Since  very  recently  the  dielectric  constants  of  8-eucryptite  have  been  measured 
as  a function  of  temperature  and  frequency  (20),  it  was  possible  to  calculate 
the  piezoelectric  constant  e^^  and  its  temperature  coefficient  from  the 
stiffening  tein.  Using  the  approximate  values  corresponding  to  20  MHz  (20) 

^11  " ’ ^33  " 
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Accordlng  to  equ.  (3)  the  temperature  coefficient  of  the  delay  time  may 
be  zero  even  for  materials  with  negative  temperature  coefficients  of  the 
elastic  constants,  provided  the  quantity  a-a^/2  is  negative  and  large  enough, 
so  as  to  cancel  the  last  term  in  equ.  (3).  For  g-eucryptite  the  two  linear 
expansion  coefficients  are  (21,22): 

a|  I = - 18.4  X lO"^  (“C)"^ 

aj^  = + 8.6  X lO"^  ("C)~^ 

Because  of  the  large  negative  value  of  aj|,  the  thermal  expansion  coefficient 
in  the  direction  of  the  hexagonal  axis,  it  would  appear  that  such  a cancel- 
lation of  all  teims  in  equ.  ( 3 ) is  possible.  Therefore  the  transit  time  T, 
the  resonance  frequency  f,  and  the  temperature  coefficients  of  these  two 
quantities  were  calculated  as  a function  of  direction  N = (cos  4>  sin  9, 
sin  <|)  sin  9,  cos  9)  for  the  following  cases: 

(1)  9 = 90°  , <|)  variable 

(2)  <|)  = 0°  , 9 variable 

(3)  <|)  = 30°  , 9 variable 

(4)  = 60°  , 9 variable 

For  none  of  these  directions  did  the  temperature  coefficients  of  the  transit 
time  or  of  the  resonance  frequency  become  zero.  However,  the  angular  dependence 
of  the  temperature  coefficients  exhibit  rather  sharp  minima,  and  the  values 
of  the  temperature  coefficients  at  these  minima  are  very  small 
((i/T)  (9x/9T)  = 4 X 10”^(°K)”^  for  9 = 40°  and  9 = 140°,  with  4)  = 0°,  30°, 

60°).  Thus  it  appears  that  for  bulk  waves  g-eucryptite  is  almost  a tempera- 
ture compensated  material.  The  existence  of  temperature  compensated  cuts  for 
surface  waves,  however,  cannot  be  ruled  out  altogether  and  requires  appropriate 


computer  calculations. 
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The  electromechanical  coupling  factor  for  the  thickness-shear  mode  of 
the  rotated  Y-cut  as  defined  in  equ.  (7)  was  calculated  as  a function  of 
direction  and  found  to  show  a maximum  of  k = 0.027  at  an  angle  of  32°  40' 
with  the  Y-axis.  This  value  is  considerably  smaller  than  the  coupling  factor 
for  the  temperature  compensated  cuts  of  a-quartz  (0.054  for  BT  and  0.089  for 
AT).  Although  the  value  for  B-eucryptite  is  subject  to  a large  experimental 
error,  because  the  piezoelectric  stiffening  term  is  experimentally  determined 
as  the  difference  between  two  large  numbers,  it  is  unlikely  that  an  independent 
more  direct  determination  of  the  piezoelectric  constant  e^^^  will  drastically 
alter  this  result. 

Another  undesirable  property  of  B-eucryptite  are  rather  large  dielectric 
losses  parallel  to  the  hexagonal  axis  (20).  At  30°C  the  loss  tangent  decreases 
from  a value  of  1.2  for  30  Hz  to  a value  of  0.1  for  10^  Hz  (20). 

Based  on  the  available  evidence  one  may  conclude  with  a high  degree  of 
probability  that  B-eucryptite  is  not  a suitable  temperature  compensated 
piezoelectric  material  for  use  in  bulk  or  surface  acoustic  wave  devices. 
However,  this  tentative  conclusion  needs  to  be  substantiated  through 
independent  measurement  of  the  piezoelectric  constant  and  its  temperature 
coefficient. 

Although  B-eucryptlte,  B-LiAlSiO^,  Itself  appears  to  be  of  no  Immediate 
practical  interest  it  may  be  a useful  starting  material  for  Improving  its 
properties  through  compositional  variations.  For  example,  partial  substitution 
of  Ge  for  Si  (up  to  20  percent)  does  not  affect  the  anomalous  thermal  expansion 
behaviour  (23),  and  it  is  conceivable  that  with  only  slightly  different 
temperature  coefficients  of  the  elastic  constants  the  temperature  coefficient 
of  the  bulk  mode  delay  time  will  become  zero. 
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It  is  apparent  from  equ.  ( 7 ) that  the  large  values  of  the  two  dielectric 
constants,  especially  of  are  the  cause  for  the  small  electromechanical 

coupling  factor.  If  it  were  possible  to  reduce  the  dielectric  constant  without 
much  reduction  of  the  v'relatively  large)  piezoelectric  constant  e^^^  the 
electromechanical  coupling  factor  could  be  substantially  Increased.  Since 
the  large  dielectric  constant  and  the  large  dielectric  losses  in  3-eucryptite 
have  been  attributed  to  the  large  mobility  of  Li  ions  along  the  open  channels 
in  the  direction  of  the  hexagonal  axis  (20)  one  may  expect  that  both  quantities 
may  be  reduced  by  partial  substitution  of  Li  by  heavier  alkali  metal  ions, 
such  as  Na.  Neither  the  solid-solubility  range  ror  the  effect  of  such  sub- 
stitution on  the  elastic  and  thermoelastic  properties  are  known  at  this  time. 

The  anomalous  thermal  expansion  behaviour  poses,  of  course,  an  Interesting 
challenge  to  understand  this  behaviour  in  terms  of  composition,  crystal 
structure  and  chemical  bond.  Such  an  understanding  could  Initiate  a search 
for  other  crystal  structures  and  materials  with  similar,  but  otherwise  more 
favourable  properties. 

As  a first  step  in  this  direction  one  may  calculate  the  Grueneisen 
parameter  on  the  basis  of  the  anisotropic  elastic  continuum  model  (24) . The 
Grueneisen  parameter  obtained  in  this  manner  is  given  by 

* < Yl  > (9) 

with  the  mode  gamma  define.,  as 

= - (9  In  oj^/9  In  V)  (10) 

Here  O)^  denotes  the  frequency  of  the  ith  mode,  and  V the  volume  of  the  crystal. 
In  the  anisotropic  elastic  continuum  model  (24)  the  frequencies  are  expressed 


in  terms  of  the  elastic  constants,  the  mode  gammas  ^*^6  expressed  in  terms 

of  the  pressure  derivatives  of  the  elastic  constants,  and  the  mode  average  in 
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equ.  (9)  is  extended  only  over  the  three  acoustic  branches,  thereby  neglecting 
dispersion  and  all  optical  modes.  In  Table  V the  results  calculated  in  this 
manner  from  the  elastic  data  of  Table  IV  are  compared  with  the  thermal 
Grueneisen  parameter, 


y = 


m: 

pc. 


(11) 


(3  = volume  thermal  expansion  coefficient,  B = adiabatic  bulk  modulus, 
p = density,  = specific  heat  for  constant  pressure).  For  the  specific 
heat  a value  of  = 1.312  joule/g°K  was  used,  which  was  calculated  from  the 
elastic  Debye  temperature  of  0 = 314.1  °K. 


Table  V Comparison  of  elastic  and 

thermal  Grueneisen  parameters 
of  6-eucryptite 


Elastic 

Thermal 

-1.59 

unknown 

-1.07 

-0.050 

It  is  apparent  that  in  the  high  temperature  limit  the  elastic  Grueneisen 
parameter  reproduces  the  negative  sign  of  the  thermal  Grueneisen  parameter, 
but  its  magnitude  is  20  times  larger.  This  may  be  attributed  to  the  omission 
of  dispersion  and  of  the  optical  modes  in  the  anistropic  elastic  continuum 
model  (24).  One  may  conclude  therefore,  that  on  the  average  the  omitted  modes 
have  positive  mode  gammas.  On  the  other  hand,  the  low  temperature  limit  of 


the  thermal  Grueneisen  parameter  must  agree  with  the  long  wavelength  elastic 
limit  calculated  in  the  anisotropic  elastic  continuum  approximation,  so  that 
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one  may  predict  a strong  temperature  dependence  and  considerably  more  negative 
values  of  the  thermal  Grueneisen  parameter  at  low  temperature. 

In  order  to  account  for  the  Grueneisen  parameters  Y|  | and  Yj^  corresponding 
to  the  individual  linear  thermal  expansion  coefficients  a|  | and  Oj^  on  the 
basis  of  the  anisotropic  continuum  model  the  third  order  elastic  constants 
must  be  known  (24). 

The  occurrence  of  all  negative  signs  of  the  pressure  coefficients  is 
unique  among  crystalline  solids,  as  pressure  coefficients  of  elastic  constants 
normally  are  positive,  and  no  other  crystalline  material  with  all  negative 
pre-ssure  coefficients  is  known.  The  negative  pressure  coefficients  have 
implications  for  the  high-pressure  phase  diagrams  and  suggest  the  existence 
of  several  distinct  (stable  or  metastable)  high-pressure  phases.  In  fact, 
a transformation  of  8 kbar  to  an  as  yet  unidentified  phase  has  been  very 
recently  observed  by  Morosin  and  Peercy  (25),  and  Neuhaus  and  Meyer  (26) 
report  that  between  30  to  55  kbar  and  at  1000®C  a-eucryptite  decomposes  into 
a-spodumene  and  lithium  aluminate. 
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